INTRODUCTION
Given the increasing requirements for Portland cement (PC), a series of problems have gradually emerged during the manufacturing of PC, such as environmental pollution and high energy consumption. Compared to PC clinker, calcium sulfoaluminate (CSA) clinker requires less limestone and energy [1, 2] . Additionally, the burning temperature of CSA clinker (1250 -1350°C) is significantly lower than that of PC clinker (approx. 1450°C) [3] . CSA cement has some attractive properties, such as rapid setting, high early strength, and micro-expansion [4] . To save energy, reduce the cement industry's emissions, and improve some of the properties of PC-based concrete, the majority of research has focused on the high addition of CSA cement on the properties and hydration of blends made of ordinary Portland cement (OPC) and CSA cement. For example, a direct encapsulation of low-level radioactive waste was made of a blend of 30 % OPC and 70 % CSA cement and increased the waste load by 56 % [5] . Péra and Ambroise [6] prepared a concrete with high early strength of 40 MPa at 6 h and higher than 55 MPa after 24 h by mixing 80 % CSA cement and 20 % OPC. The CSA clinker has been shown to be mainly responsible for the early mechanical properties, whereas OPC plays an important role at later ages in blends with OPC/ CSA weight ratios of 6:3, 7:3, and 8:3 [8] . 10 % CSA cement did not affect the hydration mechanism of alite but did control the aluminate dissolution in OPC [9] . Chaunsali and Mondal [7] investigated the expansion of OPC containing different amounts of CSA cement and proposed that increasing the CSA cement content increased the extent of expansion, and the samples containing the highest CSA cement content tested (30 % by mass) exhibited excessive expansion, which led to cracking because ettringite supersaturation gave rise to crystallisation stress.
For more than ten years, we have been working on an Alite-ye'elimite system clinker. The Alite-ye'elimite clinker was synthesised by chemically introducing small amount of ye'elimite into Portland clinker during calcination [12] [13] . We concluded that small amount of ye'elimite introduced could significantly improve early compressive strengths of Portland clinker, especially at 1 day. Consequently, we wanted to investigate whether small amount of CSA cement added physically could enhance the early compressive strength of Portland cement. Then, the effects of the small amount of CSA cement on the hydration of Portland cement have been studied.
EXPERIMENTAL

Raw materials
All of the experiments were conducted using Portland cement (PC) and commercial CSA cement. The chemical and mineralogical compositions of the two cements are given in Table 1 as determined by X-ray fluorescence (XRF) and quantitative X-ray diffraction (QXRD), respectively.
Preparation of the samples
The dosages of CSA cement are 1, 3, 5, 10 and 20 % by weight of PC. First, the PC and CSA cement were weighed separately, and then, they were mixed for 1 day in a shaker-mixer.
The paste was prepared by stirring the mixture of a blend and water for 2 min with a speed of 500 rpm. The ratio of water to the blend was 0.5. The fresh paste was poured into plastic bottles, and then, the bottles were sealed and stored in a curing box with 98 % humidity at 20°C. After 30 min, 1 h, 6 h, 1 day, 3 days and 28 days, the hardened pastes were removed from the plastic bottles and cut into small pieces. Then, hydration was stopped by submerging the small pieces in ethanol for 1 day. After that, the pieces were dried in an oven at 40°C for 1 day. Some of the dried pieces were ground, and all the particles were passed through an 80-µm sieve for X-ray diffraction (XRD) and thermogravimetric (TG) experiments. The other pieces were retained for scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) experiments.
Methods
Amounts of water required for normal consistency and setting time
The amounts of required water for a normal consistency and setting time were determined with a Vicat apparatus in accordance with the Chinese National Standard (GB/T1346-2011).
Compressive strength
The compressive strength was measured according to the Chinese National Standard (GB/T17671-1999). Mortar bars were cast at 20°C and 98 % relative humidity using a water-to-cement ratio of 0.5 and a sand-to-cement ratio of 3. The bars were removed from the mould after 24 h and placed into a curing box at 98 % relative humidity and 20°C. The mortar bars were tested at 1, 3, and 28 days using an AEC-201 Automatic cement strength tester with a maximum load of 200 kN. The loading rate of the machine was 2.4 ± 0.2 kN·s -1 .
Hydration heat flow
The hydration heat release of the blended cement was determined by a conduction calorimeter (Thermometric TAM Air). The ratio of water to blended cement was 0.5. First, 4 ± 0.01 g of blended cement was weighed and poured into a plastic ampule. Then, an appropriate amount of water was suctioned by an admix ampoule and weighed according to the desired ratio of water to the blended cement. After that, the plastic ampule was sealed with the admix ampoule. Subsequently, the data was collected after the sealed plastic ampule was placed into the calorimeter. Finally, water was injected into the plastic ampule and mixed with the admix ampoule for 2 min when thermal equilibration of the conduction calorimeter was achieved.
X-ray diffraction (XRD) analysis
The XRD experiments were performed with a PANalytical X'Pert Pro MPD diffractometer using Cu Ka radiation (λ = 1.54 Å) working in a Bragg-Brentano geometry with a 2θ-range of 5-65°. Qualitative analysis was performed using the Search Match software.
A combination of XRD and Rietveld refinement was used for the phase quantification. The Rietveld quantitative analysis was performed with GSAS [14] and EXPGUI [15] . The refinements were performed based on the structure models shown in Table 2 . The profile was fitted using pseudo-Voigt functions. The background was fitted graphically with the shifted Chebyshev polynomial using 10 coefficients (more than 20 points were picked). The fitted parameters included phase fractions, lattice parameters and profile parameters.
Thermogravimetric (TG) analysis
The TG experiments were performed on a Mettler Toledo TGA/DSC1 STAR e instrument. Approximately 30 mg of the sample was placed in an alumina crucible and heated up to 1000°C at a rate of 10°C·min -1 under an N 2 atmosphere. 
Scanning electron microscopy (SEM) analysis
A JSM-7600F SEM was used to observe the morphologies of the hydration products. For this analysis, small pieces were coated with gold in advance and examined at 15 kV.
Mercury intrusion porosimetry (MIP) analysis
This measurement was performed on a Quanta chrome PoreMaster GT60 MIP. This instrument has high pressure in the range of 20 to 20 000 psi and low pressure in the range of 1.1 to 20 psi and can be used to measure pore sizes ranging from 0.0035 to 400 μm. The pore radii were calculated according to the Washburn equation, i.e., r = −2γcos θ/P, where r is the pore entry radius in which mercury intrudes, γ is the surface tension, and θ and P are the contact angle of mercury with the solid and the applied pressure, respectively. The contact angle was 140°, and γ was 0.48 N·m -1 .
RESULTS AND DISCUSSION
Setting times and quantities of required water for normal consistency
The addition of small quantities of CSA cement decreased the quantities of required water for a normal consistency (Figure 1 ). At CSA cement contents exceeding 3 % by weight of the PC, the quantities of required water increased significantly as the amount of CSA cement increased.
The setting times ( Figure 1 ) depended on the dosages of the CSA cement. The addition of CSA cement substantially affected the setting times. The setting times decreased until a dosage of 20 % CSA cement. The setting times hardly decreased with dosages higher than 20 % CSA cement. In addition, the duration of setting was equal to whatever the CSA dosage was. At the dosage of 20 % CSA cement, the duration of setting was close to zero. Therefore, CSA cement has frequently been used as an accelerating agent to promote the setting and hardening of PC used to repair various civil engineering constructions. However, higher dosages of CSA cement exerted no obvious effects on the setting times.
Compressive strengths of the mortars Figure 2 depicts the compressive strengths of the blends mortars. Compared to the PC mortars, the compressive strengths of pure CSA cement mortars were higher at 1 d and 3 d because of the rapid hydration of ye'elimite, as previously reported by Pelletier et al. [8] . At 28 d, the pure CSA cement mortars exhibited decreased compressive strengths in comparison to the pure PC mortars. In addition, the pure CSA cement mortars exhibited relatively low rates of increase. In this experiment, although the pure CSA cement has high early strength, adding it to the PC did not enhance the strengths of the blends. Compared to the pure PC mortars, the compressive strengths of the blended mortars decreased at any age. In particular, the compressive strengths of the mortars made of the blend containing 20 % CSA cement were decreased substantially. This behaviour is in good agreement with the results reported by Yang Lin [27] . But, it is very interesting that the early compressive strengths (e.g., at 1 d and 3 d) of the PC could be enhanced if a small amount of ye'elimite was incorporated chemically into the PC clinker during the burning process [12] . These results claimed that the physical addition of CSA cement did not improve the early strength and late strength of the PC.
Hydration kinetics of the blends
The heat flow curves of the different blends are given in Figure 3 . The PC exhibited a typical heat flow curve (Figure 3a) containing two peaks. The initial peak was assigned to a combination of exothermic wetting and the formation of a gelatinous coating and AFt-phase rods [9, [28] [29] [30] , followed by an induction period until approximately 3 hours of hydration (Figure 3b ). After the induction period, a maximum exothermic peak appeared at approximately 13 hours. The second peak corresponded to the hydration of C 3 S. The PC showed a shoulder to the right of the second peak at approximately 17 hours. The shoulder was associated with the renewed formation of AFt [9, 28, 31] , and Rahhal [32] reported that this peak relates to the transformation of AFt to monosulfoaluminate (AFm).
The heat flow curve of the pure CSA cement contained three main exothermic peaks (Figures 3a, b) . However, the positions of the peaks differed from those of the PC, except for the first one. For the CSA cement, the initial peak appeared at 30 min and was attributed to a combination of wetting and AFt formation. Compared to the PC, the CSA cement exhibited a higher initial peak due to rapid hydration of ye'elimite ( Figure 3b ). In addition, the induction period of the CSA cement was shorter, which is in agreement with the setting times. After the induction period, the second exothermic peak was observed at about 1.75 h corresponding to the induction period of the PC. The CSA cement showed a shoulder on the right of the second peak. At about 22 h, the third peak presented in the heat flow curve of the CSA cement. As previously reported [33] , hydration of the CSA cement involves a multi-stage acceleration-decelerationacceleration process. However, some anhydrites were retained for up to 1 d (Figure 4d) . Therefore, these peaks were attributed to the formation of ettringite at different stages of hydration.
For the blends, their hydration kinetics were greatly different from that of the PC or CSA cement as the dosage of the CSA cement increased (Figure 3a, b) . Compared to the PC, the exothermic heat flows were higher for the blends within 30 min due to the incorporation of ye'elimite. The blend containing 1 % CSA cement presented a second exothermic peak that was similar to that of the PC. But the shoulder on the right of the second peak was advanced for the blend containing 1 % CSA cement. For the blend containing 5 % CSA cement, no shoulder was observed in the curve of the heat flow. However, there seemed to be an exothermic peak at about 70 h for the blend containing 5 % CSA cement. The hydration kinetics of the blend containing 20 % CSA changed obviously compared to those of the other blends. In addition to the initial peak, the blend containing 20 % CSA cement exhibited the second exothermic peak within 3 h, which was similar to the pure CSA cement. Small amounts of anhydrite were retained in the blend containing 20 % CSA cement within 1 h of hydration, and no portlandite was noted (Figure 5a ). Therefore, the second peak was caused by the renewed formation of ettringite. In addition, the heat release peak from the hydration of alite was present at about 90 h, which was significantly delayed for the blend containing 20 % CSA cement (Figure 3a ).
XRD analysis
The XRD patterns for the blends hydrated for 30 min, 1 h, 6 h, 1 d, 3 d, and 28 d are shown in Figure 4 . For the PC, the clinker phases, such as C 3 A, ferrite, C 3 S and C 2 S, were consumed at different rates. Ettringite formed at 30 min of hydration due to the rapid reaction of the aluminate phase and gypsum (Figure 4a ). Gypsum was no longer detectable after 1 d (Figures 4d, e, f) . At 28 d, some of the ettringite transformed to monocarboaluminate because of the absence of gypsum (Figure 4f ). In addition, C 3 A was almost depleted, whereas a small quantity of ferrite was retained because of its relatively slow hydration rate. Portlandite formed at 1 d (Figure 4d ) via the hydration of C 3 S at the early ages, and its content increased steadily with the hydration age. The other hydration product, i.e., C-S-H, was not observed in the XRD patterns because of its poor crystallinity.
For the pure CSA cement, the hydration products differed from those of the PC. As shown in Table 1 main phases were C 2 S, C 4 A 3 $, C 12 A 7 , and anhydrate. The total amounts of C 4 A 3 $ and C 12 A 7 were much greater than that of C 3 A in the PC. At the early ages, the contents of ettringite were higher in the CSA than those in the PC due to rapid hydration of ye'elimite (Figures 4a, b, c) , reaching a plateau within 30 min and remaining more or less constant until approximately 1 d. At 1 d, the contents of ettringite increased substantially in the CSA (Figures 4d, e, f) . The diffraction peaks intensities of ye'eli-mite notably decreased. These results further indicated that the exothermic peak at about 20 h was attributed to the multiple hydration points of ye'elimite for the CSA cement. Simultaneously, the contents of sulphate decreased with the formation of ettringite. However, some anhydrite was retained up to 28 d. For the blended cements, the addition of CSA significantly accelerated the formation of ettringite at the early age, and the contents of ettringite increased with the CSA dosage at the same hydration age. It was very interesting that the contents of ettringite were higher for the blend with 20 % CSA within 6 h, compared to the pure CSA cement. S. Allevi et al. [35] reported that the increased soluble ettringite phase formation was detected with greater C 4 A 3 $ consumption in the first hours of the hydration of the CSA clinker in the presence of gypsum compared to anhydrite. Furthermore, the addition of CSA cement accelerated the consumption of gypsum. Gypsum nearly disappeared from the blend with 20 % CSA cement at 1 h, whereas some gypsum was retained in the PC (Figure 4b) . Interestingly, the characteristic peak of portlandite appeared in the XRD patterns for the blends pastes with 1 % and 5 % CSA cement after hydration of 6 h, but it did not appear in the PC paste and the blend paste containing 20 % CSA. The characteristic peak of portlandite did not appear until 3 d for the blend paste with 20 % CSA cement. At 28 d, some monocarboaluminate formed in the blends pastes due to the presence of calcite. peak at 125°C corresponded to the dehydration of gypsum. Large amounts of gypsum were depleted in the blend with 20 % CSA cement at 1h. The endothermic peak at approximately 250°C was ascribed to the dehydration of Al(OH) 3 from the hydration reaction of C 4 A 3 $, whereas that at approximately 400°C resulted from the dehydration of portlandite. As the hydration age increased, the content of portlandite also increased significantly for the PC and blends with 1 % and 5 % CAS cement hydrated. No portlandite formed in the CSA cement because of the lack of alite. Additionally, no portlandite was observed in the blend with 20 % CSA cement at 1d also, demonstrating that the addition of CSA hindered its formation. However, a small amount of monocarboaluminate formed at 1d in the blend with 20 % CSA because of the presence of calcite and the absence of sulfates; this formation corresponded to the endothermic peak at approximately 150°C (Figure 5b ). Up until 3 d of hydration, portlandite formed in the blend containing 20 % CSA cement. Simultaneously, some monocarboaluminate emerged in the PC and blends with 1 % and 5 % CSA cement. However, no monocarboaluminate formed in the CSA cement because anhydrite persisted throughout the hydration process.
Morphologies of the hydration products
The morphology of ettringite was changed by the addition of the CSA cement. Figure 5a shows that ettringite existed as a thin and long elongated needle in the PC hydrated for 1 d. However, its morphology became relatively thick and short when the CSA cement was added to the PC to generate the blended cements (Figures 6b, c, d ). The morphology of ettringite in the blend pasture containing 20 % CSA cement was similar to that in the pure CSA cement paste at 1 d, in which it seemed to be covered by AH 3 gel. In addition, portlandite was difficult to identify in the blend paste containing 20 % CSA cement, whereas some was detected in both the PC and the blend with 5 % CSA cement.
Pore size distribution
To investigate the effect of the CSA cement dosage on the pore structure of the PC, the pore size distributions of all pastes were determined ( Figure 7 ). At an early hydration age (1 d), a small amount of CSA cement decreased the pore size of the PC. The pore sizes were mainly distributed between 0.3 µm and 2 µm in the PC paste and were reduced in the blends pastes with the 1 % and 5 % CSA cement. However, the cumulative pore volumes hardly changed in the blended pastes with 1 % and 5 % CSA cement relative to that of the PC paste (Table 3) . Compared with the PC paste, the addition of a greater amount of CSA cement (20 %) did not change the pore size. However, 20 % CSA significantly increased the pore volume in the 0.3 -2 µm range. Consequently, the porosity of the blended paste with 20 % CSA cement was higher than that of the PC paste (Table 4) . Although 20 % CSA cement accelerated the formation of ettringite in the blend paste at this age, it delayed the hydration of alite and hindered the formation of portlandite. Indeed, in the CSA cement paste, the pore size was very small because of the formation of large amounts of ettringite.
As hydration progressed, the pore sizes of all samples decreased. After 3 days of hydration, the pore size distributions of the blended pastes were similar to that of the PC paste, and the pore sizes were mainly distributed between 0.01 µm and 1 µm. A small amount of CSA cement increased the pore volumes in the 0.05 -0.1 µm range, and a higher CSA cement content significantly enhanced the pore volumes in the 0.05 -0.2 µm range. The blended pastes exhibited higher porosities than the PC paste. The pore volumes in the range of 0.1 µm to 1 µm were substantially lower in the CSA cement paste, which decreased its porosity (Table 4) .
At the late hydration age (28 d), small amounts of CSA cement had no effects on the pore size distribution. Pores were distributed from 0.03 µm to 0.1 µm for all pastes, except for the blended paste with 20 % CSA cement, which exhibited relatively large pore sizes. Additionally, the pore volumes in the 0.03 -0.1 µm range were enhanced in the blended and CSA cement pastes. The compressive strengths of the blended mortar with less than 10 % CSA cement decreased slightly at every hydration age relative to those of the PC mortars. The addition of a large amount of CSA (20 %) significantly lowered the compressive strengths at the early ages (1 d and 3 d) . However, the strong, negative effect of the CSA cement was reduced at late hydration ages.
• A small amount of CSA cement did not affect the hydration kinetics of the PC. The renewed hydration of C 3 A was delayed in the blend containing 5 % CSA cement. However, when the dosage of CSA cement was increased to 20 % by weight of the PC, the hydration kinetics changed substantially relative to that of the PC. The hydration of alite was seriously delayed. The second formation of ettringite was advanced and enhanced within 3 h of hydration of the blend with 20 % CSA cement compared to that of the pure CSA cement.
• At the early hydration ages, the formation of ettringite accelerated as the dosage of the CSA cement increased. Additionally, the blend with 20 % CSA cement contained higher contents of ettringite at 1 h than the pure CSA cement. However, the formation of portlandite was delayed by the addition of 20 % CSA cement, which led to larger pore sizes and higher porosity relative to those of the other hydrated samples. In addition, the addition of the CSA cement significantly affected the morphology of ettringite.
